Introduction
Multiple Sclerosis (MS) is an autoimmune disease that affects the central nervous system (CNS) (1) . The disease causes severe demyelination and neuronal loss in both the brain and spinal cord, which leads to neurological dysfunction, including visual loss, limb weakness, ataxia and impaired cognition (2, 3) . Although there are 15 FDA approved disease-modifying therapies, none is able to stop disease progression (3) .
The pathobiology of MS is very complex and both innate and adaptive immunity contribute to disease development and progression (4) . Experimental Autoimmune Encephalomyelitis (EAE) is a widely used mouse model of MS mediated by autoimmune CD4
+ T-cells and cells of the innate immune system (5) . Clinical and histopathological similarities between MS and EAE allow findings obtained from the EAE model to be extrapolated to patients with MS.
Neutrophils are the most abundant cell type in human blood and are the first responders of the immune system when the body encounters foreign antigens or sterile inflammation (6, 7) . Neutrophils initiate immune responses by secretion of proinflammatory cytokines/chemokines, degranulation, generation of reactive oxygen species (ROS), formation of neutrophil extracellular traps (NETs), and antigen presentation (6, (8) (9) (10) . Neutrophils are involved in the pathology of CNS autoimmune diseases such as MS/EAE and Neuromyelitis Optica Spectrum Disorder (NMOSD) (11) (12) (13) (14) (15) . Neutrophils contribute to EAE disease by secretion of pro-inflammatory cytokines (16, 17) , promoting maturation of antigen-presenting cells such as dendritic cells and macrophages (18) and disruption of the blood-spinal cord-barrier (19) . Neutrophil related chemokines/mediators (G-CSF, CXCL1, CXCL8, CXCL5 and neutrophil elastase) correlate with neurological disability and lesion burden in MS patients (20) .
Neutrophils from MS patients exhibit a primed, hyper-activated phenotype compared to healthy controls (21) . Moreover, several studies indicate that administration of G-CSF, the cytokine that is critical for maturation of neutrophils, leads to MS relapses (22, 23) .
NMOSD is an autoimmune demyelinating disease distinct from MS, characterized by optic neuritis, astrocytopathy and serum antibodies against Aquaporin-4 (24).
Neutrophils are prominent in CNS lesions and cerebrospinal fluid (CSF) from NMOSD patients (25) . Indeed, CSF from NMOSD patients induces neutrophil chemotaxis and activation, resulting in astrocyte activation to a pro-inflammatory phenotype (26) . G-CSF also plays a detrimental role in patients with NMOSD (27) .
The JAK/STAT signaling pathway plays a critical role in activation and regulation of immune responses (28) . Dysregulation of the JAK/STAT pathway is associated with many pathological conditions, including MS (29, 30) . We previously demonstrated that inhibition of the JAK/STAT pathway ameliorates disease severity in a number of EAE models (31) . STAT3 has been identified as an MS susceptibility gene (32, 33) and hyper-activation of STAT3 is observed in peripheral blood mononuclear cells (PBMC)
from MS patients and correlates with disease progression (34) . Suppressors Of Cytokine Signaling (SOCS) are a family of proteins that negatively regulate the JAK/STAT pathway (35) . SOCS3 inhibits activation of STAT1 and STAT3, thereby terminating signaling through this pathway (36) (37) (38) . Reduced SOCS3 expression has been observed in PBMCs from MS patients during relapses, which correlates with enhanced STAT3 activation (39) . In NMOSD, clinical benefit has been observed with anti-IL-6R antibody treatment (40) . The deleterious role of IL-6 is speculated to be mediated, in part, by IL-6 expansion of Th17 cells (41, 42) , which occurs through a STAT3-dependent mechanism (43) .
There are different phenotypes of EAE, including classical and atypical. Classical EAE is characterized by ascending paralysis with preferential immune cell infiltration in the spinal cord (5) . Atypical EAE is associated with brain inflammation and characterized by ataxia and tremors. Some EAE models display a mixed phenotype of both classical and atypical clinical symptoms. We previously reported that deficiency of Socs3 in myeloid cells (Socs3 ΔLysM ) leads to a severe, non-resolving atypical form of EAE (44, 45) .
Specifically, this brain-targeted atypical EAE is dependent on preferential neutrophil infiltration in the cerebellum (44) . However, the exact mechanism by which neutrophils induce atypical EAE is not clear. Here we demonstrate that neutrophils from Socs3 ΔLysM mice produce excessive amounts of ROS, which is critical for the brain-targeted atypical EAE phenotype. Furthermore, neutrophils lacking Socs3 are hyper-sensitive to G-CSF priming, which leads to enhanced oxidative burst in response to pro-inflammatory cytokines, and in vivo, G-CSF depletion significantly reduces atypical EAE disease progression. Overall, our findings demonstrate the importance of Socs3 in controlling the hyper-activation of neutrophils, and add to our understanding on the role of neutrophils in MS/EAE.
Results

Socs3
ΔLysM Mice Exhibit Brain-targeted EAE With Infiltration of Hyper-activated
Neutrophils. Socs3
ΔLysM mice with atypical EAE exhibit non-resolving ataxia and tremor, along with preferential cerebellar neutrophil infiltration (44, 45) . We assessed demyelination in this model using Black Gold staining, revealing that Socs3 ΔLysM mice exhibit cerebellar demyelination at the peak of EAE disease, whereas Socs3 fl/fl mice retain intact myelin structure in the cerebellum (Fig. 1A) .
Neutrophils have been implicated in both spinal cord-targeted, classical EAE (19, 20, 46, 47) , as well as brain-targeted, atypical EAE (44, (48) (49) (50) , although there is controversy about their exact functions. To address the role for neutrophils in atypical EAE, we first determined levels of surface receptors on cerebellar-infiltrating neutrophils using multicolor flow cytometry analysis (Supplemental Fig. 1 ). The cerebellar-infiltrating neutrophils in Socs3 ΔLysM mice exhibit increased surface levels of CD11b and CXCR4 compared to Socs3 fl/fl mice, while surface levels of CD62L and CXCR2 were decreased in Socs3 ΔLysM mice compared to Socs3 fl/fl mice (Figs. 1B and 1C ). This altered surface marker expression profile has been associated with a primed neutrophil phenotype (6, (51) (52) (53) . Primed neutrophils exhibit characteristics that include increased chemotaxis, increased degranulation, and enhanced production of ROS, and these phenotypes are observed in autoimmune conditions (52, 54) . Consistent with a phenotype of increased chemotaxis, we found that the numbers of cerebellar neutrophils were significantly increased in Socs3 ΔLysM mice at the peak of EAE (Fig. 1D) . CD63 is a membrane protein associated with intracellular granules. During degranulation, CD63 is expressed on the cell surface as the granule membrane and cell membrane merge (55) . Analysis of surface expression of CD63 revealed that neutrophil degranulation was also increased in Socs3 ΔLysM mice at the peak of EAE (Fig. 1E) .
We next assessed whether ROS production was altered in Socs3 ΔLysM mice. To measure total ROS production, neutrophils isolated from the cerebellum were incubated with CM-H2DCFDA, a chemically reduced form of fluorescein used as an ROS indicator in live cells (18, 56) . This revealed an increase in the level of ROS + neutrophils in the cerebellum at the peak of EAE in Socs3 ΔLysM mice (Fig. 1F) . ROS production also increased on a per cell basis, as measured by an increase in the mean fluorescence intensity (MFI) of CM-H2DCFDA staining (Figs. 1G and 1H ). To determine if neutrophils were the primary source of oxidative burst in the cerebellum of Socs3 ΔLysM mice, ROS production was measured in neutrophils, monocytic cells, microglia and other leukocytes. As shown in Fig. 1I , neutrophils produce the highest levels of ROS amongst these cell populations. Amongst all the species of free radicals, superoxide produced via NADPH Oxidase 2 (NOX2) is considered harmful to endothelial cells and has detrimental roles in CNS inflammation (57) (58) (59) . We measured superoxide by DHE and consistent with total ROS levels, superoxide was also increased in cerebellar neutrophils from Socs3 ΔLysM mice (Fig. 1J) To neutralize ROS, we administered a cocktail of ROS scavengers to Socs3 ΔLysM mice seven days after immunization (56) . Administration of ROS scavengers significantly delayed the time of onset and reduced the severity of brain-targeted EAE ( Fig. 2A) . The incidence of brain-targeted EAE was also reduced (92.9% to 47.1%) ( Table 1) .
Administration of ROS scavengers also prevented demyelination in the cerebellum (Fig.   2B ).
To better understand the underlying mechanism associated with the beneficial effect of ROS scavengers in atypical EAE, we assessed immune cell infiltration in mice treated with the ROS scavenger cocktail. At days 13-14, we observed a significant reduction in neutrophils, monocytic cells and CD3 + T-cells infiltrating the cerebellum in mice treated with ROS scavengers, however, the frequency of microglia was comparable between Vehicle Control and ROS scavenger treatment (Fig. 2C) . Hmox1 mRNA expression was significantly reduced in the cerebellar tissues from mice treated with ROS scavengers, indicating an overall reduction of oxidative stress (Fig. 2D) . To exclude the possibility that treatment with the ROS scavenger cocktail suppresses atypical EAE by affecting Tcell priming, we determined the frequency of MOG-specific T-cells after treatment. The frequency of MOG-specific T-cells, determined by either cytokine production upon MOG stimulation (Supplemental Fig. 2A The percentage of regulatory T-cells after ROS scavenger treatment was also not changed (Supplemental Fig. 2B ).
Socs3
ΔLysM mice can exhibit classical EAE in addition to the predominant atypical EAE phenotype. There was not a significant change in the incidence or severity of classical EAE upon ROS scavenger treatment ( (65, 66) . We found that G-CSF treatment induced strong Socs3 expression 2 h after stimulation, and that this response was significantly higher than that induced by other cytokines such as IL-6 and IL-23 (Fig. 3A) . 
G-CSF Induces a Unique Gene Expression Profile in Socs3-deficient Neutrophils.
We next determined whether G-CSF stimulation differentially affects gene expression in To further determine whether G-CSF stimulated Socs3-deficient neutrophils are more activated as compared to Socs3 fl/fl neutrophils, we performed enrichment analysis using previously published RNA-seq gene sets that contain genes expressed by activated neutrophils (stimulated with live bacteria, LPS or TNF-α) (51, 69, 70) . Genes that were increased by such activated neutrophils overlapped extensively with genes that were significantly up-regulated in Socs3-deficient neutrophils upon G-CSF stimulation (Supplemental Fig. 4) . In addition, genes that were reduced after stimulation from the published data overlap extensively with down-regulated genes in Socs3-deficient neutrophils upon G-CSF stimulation (Supplemental Fig. 4) . Overall, the results from the RNA-seq analysis indicate that upon G-CSF stimulation, Socs3-deficient neutrophils up-regulate neutrophil activation genes and down-regulate neutrophil resolution-related genes.
Socs3-deficient Neutrophils are Functionally Hyper-activated In Vitro upon G-CSF
Priming. Based on the results in Fig. 3 and the RNA-seq data in Fig. 4 , we hypothesized that Socs3-deficient neutrophils are more sensitive to priming by G-CSF.
To test this hypothesis, we first assessed ROS production by neutrophils using a luminol-based assay. For this assay, bone marrow neutrophils were pre-incubated with G-CSF overnight, followed by stimulation with PMA. In contrast to the expectation of our hypothesis, the data indicated that ROS production was comparable between Socs3 fl/fl and Socs3-deficient neutrophils (Fig. 5A) .
The RNA-seq results indicated the possibility that the NF-κB and STAT5 pathways were activated upon G-CSF priming of Socs3-deficient neutrophils (Fig. 4C) . Therefore, we next tested whether Socs3-deficient neutrophils were more sensitive to cytokines utilizing the NF-κB and STAT5 pathways. TNF-α and GM-CSF are pro-inflammatory cytokines produced by T-cells and myeloid cells in MS/EAE, and neutrophils are responsive to both cytokines (67, 68) . Additionally, TNF-α-and GM-CSF-mediated induction of ROS plays a detrimental role during neuroinflammation by disrupting the blood-brain-barrier (BBB) (71, 72) . To test the role for these cytokines in ROS induction, we treated neutrophils with TNF-α (Fig. 5B) or GM-CSF (Fig. 5C ) after priming with G-CSF overnight. In the presence of PMA, both cytokines induced higher production of ROS in Socs3-deficient neutrophils, as compared to Socs3 fl/fl neutrophils. The G-CSF primed Socs3-deficient neutrophils also showed increased degranulation upon LPS stimulation compared to Socs3 fl/fl neutrophils (Fig. 5D) . Together, these results indicate that Socs3-deficient neutrophils become hyper-activated in vitro upon G-CSF priming.
G-CSF Neutralization Ameliorates Brain-targeted EAE by Preventing Neutrophil
Infiltration and Hyper-activation. Our results indicate that G-CSF leads to a primed phenotype in Socs3-deficient neutrophils in vitro and that this phenotype correlates with the incidence of brain-targeted EAE. Therefore, we next examined whether depleting G-CSF is beneficial for brain-targeted EAE. We first examined the levels of G-CSF during EAE, which revealed that G-CSF levels were lower in the plasma of Socs3 ΔLysM mice compared to Socs3 fl/fl mice at pre-onset of EAE and were comparable throughout the onset stage and peak of EAE (Supplemental Fig. 5A) . The levels of G-CSF in the cerebellum were comparable between Socs3 ΔLysM mice and Socs3 fl/fl mice (Supplemental Fig. 5B ). Next, we determined whether G-CSF depletion affected the development and/or phenotype of EAE. In previous studies, we found that neutrophils migrated into the spleen and lymph nodes throughout the course of EAE in both (Fig. 6A) . Depletion of G-CSF significantly reduced the severity (Fig. 6B ) and incidence ( Table 2 ) of brain-targeted EAE, and reduced cerebellar demyelination (Fig. 6C) . A flow cytometry analysis indicated that G-CSF depletion significantly reduced the frequencies of infiltrating neutrophils and monocytic cells at the peak of EAE, while the frequencies of microglia and infiltrating CD3 + T-cells were unchanged (Fig. 6D) .
The reduced cerebellar infiltration (Fig. 6D) correlated with a significant reduction in the frequency of neutrophils and monocytes that were present in the blood after G-CSF depletion (Supplemental Figs. 6A and 6B) . In contrast, the frequency of CD3 + T-cells present in the blood were not altered (Supplemental Fig. 6B) . Furthermore, the reduction of neutrophils in the blood did not affect neutrophil frequency in the spleen (Supplemental Fig. 6C) , suggesting a preferential reduction of CNS infiltration.
Consistent with the significant reduction of infiltrating neutrophils in the cerebellum, the overall levels of oxidative stress were decreased, indicated by the reduction of ROSproducing neutrophils in the cerebellum (Fig. 6E) and significantly reduced Hmox1 mRNA expression in the cerebellar tissues (Fig. 6F) . Neutrophil degranulation was also reduced in the cerebellum (Fig. 6G) . Interestingly, we did not observe a significant change in the incidence of classical EAE ( Table 2 ) or disease severity ( Supplemental   Fig. 7A ). G-CSF neutralization did reduce infiltration of neutrophils in the spinal cord, whereas the infiltration of microglia, monocytic cells and CD3 + T-cells was not affected (Supplemental Fig. 7B) . However, the change in neutrophil infiltration did not affect disease incidence or severity. Collectively, these results indicate that G-CSF neutralization ameliorates brain-targeted EAE by reducing neutrophil hyper-activation.
Discussion
We and others have demonstrated that brain-targeted, atypical EAE is predominantly a neutrophil-driven disease (11, 13, 44, 48, 49, 73, 74) . Previously, we reported that neutrophils increase production of pro-inflammatory cytokines, chemokines, and nitric oxide during onset of atypical EAE in Socs3 ΔLysM mice (44) . These findings suggest that expression of specific neutrophil surface markers could be associated with distinct functions. In the current study, Socs3-deficient, hyper-activated neutrophils exhibit alterations in surface marker expression (elevated CD11b and CXCR4, decreased CD62L and CXCR2), enhanced ROS production, and increased degranulation both in vivo (Fig. 1) and in vitro (Figs. 3 and 5) . 
Quantitative RT-PCR and RNA-sequencing (RNA-seq). Neutrophils isolated by flow
cytometry were stimulated as indicated. Total RNA was purified from cells using Trizol reagent extraction, and 500 ng-2 μg of RNA was sent to GENEWIZ (South Plainfield, NJ) for RNA-seq and bioinformatics analysis. RNA-seq results were submitted to the National Center for Biotechnology Information Gene Expression Omnibus for archiving under accession number (GSE122353). For generation of the heatmap, all significantly regulated genes were used. For other analysis, an FDR < 0.05 with more than a 1.5 fold change was considered as differentially expressed genes (DEGs). Genes with normalized count below 50 were removed from the list to ensure the quality of DEGs.
Pathway analysis was performed using the Gene Set Enrichment Analysis (GSEA)
program available from the Broad Institute. For qRT-PCR analysis, 500-1000 ng of RNA was used as a template for cDNA synthesis. qRT-PCR was performed using TaqMan primers purchased from Thermo Fisher Scientific. The resulting data were analyzed using the comparative cycle threshold method to calculate relative RNA quantities (94) .
Flow Cytometry. For surface protein detection, cells were incubated with Fc Block (2.4G2) for 15 min and washed, followed by incubation with viability dye and the indicated Abs directed against cell surface proteins. CM-H2DCFDA, a general oxidative stress indicator, was used to detect total ROS production (18, 56) . Cells were incubated with 1 μM CM-H2DCFDA (Thermo Fisher, C6827) at 37°C for 30 min, followed by staining of surface proteins as described above. To detect NOX2-mediated superoxide production, cells were incubated with Dihydroethidium (DHE) (Thermo Fisher, D11347) on ice for 30 min., and surface staining was performed simultaneously (97) . Figure 3 . Socs3 Deficiency Promotes G-CSF Hyper-sensitivity in Neutrophils via JAK1 Activation. (A) Bone marrow neutrophils were isolated from C57BL/6 mice and stimulated with G-CSF (10 ng/ml), IL-6 (100 ng/ml), IL-23 (10 ng/ml) or IFN-γ (10 ng/ml) for 2 h. Expression of Socs3 mRNA was analyzed by qRT-PCR (n = 4). (B-E) Bone marrow neutrophils were isolated from Socs3 fl/fl or Socs3 ΔLysM mice (n = 3). (B, C) Neutrophils were stimulated with G-CSF (10 ng/ml) or IL-6 (100 ng/ml) for 2 h followed by intracellular staining for pSTAT3 (Y705). (D, E) Neutrophils were stimulated with G-CSF (10 ng/ml) for 8 h, and expression of surface markers was analyzed. (F) Bone marrow neutrophils isolated from Socs3
ΔLysM mice were pre-treated with AZD1480 (25 μM) or PF8041 (25 μM) for 2 h and then stimulated with G-CSF (10 ng/ml) for 8 h, followed by surface staining. Plots are representative of three independent experiments. All flow cytometry plots (B-F) were gated on live, single CD45 + CD11b + Ly6G + neutrophils. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (A) or two-tailed Student's t test (C, E). MFI, mean fluorescent intensity. ΔLysM mice were stimulated with G-CSF (10 ng/ml) for 8 h, followed by mRNA extraction and qPCR assay to determine mRNA expression of the indicated chemokines (n = 3-6). **p < 0.01 by two-tailed Student's t test. + ) from the cerebella of isotype Ab and anti-G-CSF Ab-treated mice were determined. (E) Total numbers of ROS-producing neutrophils in the cerebella from isotype Ab and anti-G-CSF Ab-treated mice. (F) RNA was isolated from whole cerebellum, and Hmox1 expression analyzed by qRT-PCR (n = 4). (G) Degranulation of cerebellar-infiltrating neutrophils from isotype Ab or anti-G-CSF Ab-treated mice was determined by surface expression of CD63. *p < 0.05, **p < 0.01, ****p < 0.0001, ns = not significant by Mann-Whitney rank sum test (B) or two-tailed Student's t test (A, C-G). 
